Increasing evidence supports an association between age-related loss of muscle mass and insulin resistance. However, the association has not been fully investigated in the general population. Thus, we investigated the association between appendicular skeletal muscle mass (ASM) and insulin resistance in an elderly Korean population. Methods: This cross-sectional study included 158 men (mean age, 71.8) and 241 women (mean age, 70.6) from the Korean Social Life, Health and Aging Project, which started in 2011. In this study, ASM was measured by bioelectrical impedance analysis and was analyzed in three forms: ASM (kg), ASM/height 2 (kg/m 2 ), and ASM/weight (%). The homeostasis model assessment of insulin resistance (HOMA-IR) was used as a measure of insulin resistance. The relationships between the ASM values and the HOMA-IR were investigated by multiple linear regression models. Results: The HOMA-IR was positively associated with ASM (β=0.43, P<0.0001) and ASM/height 2 (β=0.36, P<0.0001) when adjusted for sex and age. However, after additional adjustment for body weight, HOMA-IR was inversely associated with ASM (β=-0.43, P<0.001) and ASM/height 2 (β=-0.30, P=0.001). Adjustment for other potential confounders did not change these associations. Conversely, HOMA-IR was consistently and inversely associated with ASM/weight before and after adjustment for other potential confounders. Conclusion: Our results support the idea that lower skeletal muscle mass is independently associated with insulin resistance in older adults. When evaluating sarcopenia or muscle-related conditions in older adults, their whole body sizes also need to be considered.
INTRODUCTION
Sarcopenia, the decline of muscle mass and strength with age [1] , is a fundamental cause of functional decline, disability, and frailty in older persons [2] [3] [4] [5] . Sarcopenia is characterized by a decrease in the total number of skeletal muscle fibers, reduced thigh circumference, and increased intramuscular fat content [6, 7] Although the specific mechanism has not been fully iden-tified, primary causes of sarcopenia are known to be related to aging, undernutrition, sedentary lifestyle, inflammation [8] [9] [10] , oxidative stress [11] , and decreased testosterone [12] . Sarcopenia can contribute to the development of insulin resistance and type 2 diabetes because skeletal muscle is the primary site of insulin-stimulated glucose disposal at euglycemia [13] [14] [15] [16] [17] . Insulin resistance, an attenuated ability of insulin to generate its physiological responses, is associated with various age-related problems, including atherothrombotic vascular diseases, certain types of cancers, frailty, and cognitive decline.
Although increasing evidence supports an association between sarcopenia and insulin resistance, the effects of declining skeletal muscle mass on insulin resistance have not been fully investigated in the general population. Thus, we investigated the relationship between appendicular skeletal muscle mass (ASM) and insulin resistance among community-dwelling elderly Koreans without a history of diabetes and cardiovascular disease.
METHODS

Study population
The Korean Social Life, Health and Aging Project (KSHAP), which was started in 2011, recruited people aged 60 years or older and their spouses living in the rural township (myeon) of Ganghwa-gun, Incheon, South Korea. A total of 814 out of 860 eligible people in the community agreed to participate in the study and completed the questionnaire survey. The KS-HAP-Health Examination Cohort was consisted of 698 people who completed additional health examinations at a public health center (n=533) or at home (n=165). Body composition analysis was available only at the public health center examination. Among the 533 participants, people with a known past history of cardiovascular disease (coronary heart disease and stroke), under treatment for diabetes, or missing important covariate data were excluded. Ultimately, 399 participants (158 men and 241 women) were included in the current study. The Institutional Review Board of Yonsei University approved the study protocol (YUIRB-2011-012-01), and all participants provided written informed consent.
Measurements
Information about age, smoking status (never or ever smoker), and alcohol intake (non-drinker or drinker) was obtained using a questionnaire survey. Standing height was measured to the nearest 0.1 cm using a stadiometer, and body weight was measured to the nearest 0.1 kg on a digital scale up according to the predetermined manual. Body mass index (BMI) was calculated as an individual's body weight in kilograms divided by their height in meters squared. Physical function was assessed by a 3-m timed up and go (TUG) test. The TUG measures the time required for the participants to rise from a chair, walk 3 m to the end of a line (pre-arranged) and then return to the chair and sit down. Resting systolic and diastolic blood pressures were measured at least twice using an oscilloscopic automatic sphygmomanometer (Dinamap 1846 SX/P; GE Healthcare, Waukesha, WI, USA). Prior to each measurement, all participants had rested for at least 5 minutes in a seated position, and the cuff size was adapted to their right upper arm circumference. If the first and second measurements differed by ≥10 mm Hg, additional measurements were performed, and the average of the last two measurements was included in this analysis.
Each participant's ASM was measured by the bioelectrical impedance analysis method (Inbody370; Biospace, Seoul, Korea), according to the instructions provided by the manufacturer. The participants stood up straight and comfortably on the analyzer's footplate while barefoot, with legs apart and arms. This analyzer measures segmental impedances at the right arm, left arm, right leg, left leg, and trunk using a multifrequency of 5, 50, and 250 kHz. In this study, ASM was estimated by the sum of muscle mass estimated individually for two arms and two legs. Three muscle values including ASM (kg), ASM/height 2 (kg/m 2 ), and ASM/weight (%) were used for statistical analysis. Insulin and glucose levels were measured from fasting (at least 8 hours) blood samples. Insulin level was determined by radioimmunoassay, and the fasting blood glucose level was measured using the colorimetry method. To evaluate insulin resistance, we used the homeostasis model assessment of insulin resistance (HOMA-IR) according to the following formula: HOMA-IR=fasting plasma glucose (mg/dL)×fasting insulin (μIU/mL)/405 [18] .
Statistical analyses
Gender differences were analyzed using the independent t-test for continuous variables and the chi-square test for categorical variables. Fasting insulin levels were log-transformed for parametric testing due to the distribution that was skewed to the right. The relationship between ASM and HOMA-IR was evaluated using Pearson correlation analysis and is presented with scatter plots. To examine the independent associations of the three forms of ASM with HOMA-IR, we applied serial multiple linear regression models: model 1 included sex and age; model 2 included sex, age and weight; and model 3 included sex, age, weight, height, systolic blood pressure, total cholesterol, high density lipoprotein cholesterol, triglyceride, C-reactive protein, smoking, and alcohol intake. To assess the robustness of our findings, we repeated the analysis without excluding people with a past history of cardiovascular disease. We also performed additional analyses to compare those who underwent body composition analysis and those who did not. All analyses were performed using SAS statistical version 9.2 (SAS Institute Inc., Cary, NC, USA). All statistical tests were two-sided and P values less than 0.05 were considered statistically significant.
RESULTS
The general characteristics of the study population are presented in Table 1 . Men had lower BMI but greater ASM and wider thigh circumference than women. Fasting glucose was higher in men, but fasting insulin levels and HOMA-IR values were higher in women.
A previous Korean study analyzing adults aged 60 years or older in the Fourth Korean National Health and Nutritional Examination Surveys suggested cutoff points of ASM/weight determining sarcopenia as 29.5% in men and 23.2% in women [19] . In our study, the mean ASM/weight was 31 other variables using the Pearson correlation coefficients with and without adjustment for age. ASM and ASM/height 2 were significantly and positively correlated with HOMA-IR before and after adjusting for age in both men and women. However, ASM/weight had a significant inverse correlation with HOMA-IR before and after adjusting for age. The relationships between muscle values and HOMA-IR were also presented using scatter plots, separately for men and women (Fig. 1) . Table 3 shows the relationships between ASM and HOMA-IR in multiple linear regression analyses. HOMA-IR was positively associated with ASM (β=0.43, P<0.0001) and ASM/ height 2 (β=0.36, P<0.0001) when adjusted for sex and age.
However, after additional adjustment for body weight, HOMA-IR was inversely associated with ASM (β=-0.47, P=0.001) and ASM/height 2 (β=-0.32, P=0.001). These inverse associations
were not affected by additional adjustment for height, blood pressure, mobility function, C-reactive protein, lipid profiles, smoking, and alcohol intake. Conversely, HOMA-IR was significantly and inversely associated with ASM/weight before and after adjustment for sex and age. Additional adjustment for other potential confounders did not change this association. When analyses were performed for men and women separately, the inverse associations between ASM and HOMA-IR were more prominent in men than in women. Because only a portion (63.1%) of the KSHAP participants had their body composition measured with bioimpedance methods, we compared those who underwent body composition analysis and those who did not. There was no significant difference in the health behaviors and known chronic diseases between the two groups. The only exception was hypertension; the prevalence of known hypertension was 53.1% in those who underwent body composition measurement and 43.3% in those who did not (P=0.01). The results of sensitivity analyses including people with a past history of cardiovascular disease were very similar to the former results excluding people with a past history of cardiovascular disease (data not shown).
DISCUSSION
We examined the relationship between ASM and HOMA-IR in an elderly Korean population. After adjusting for potential confounders, HOMA-IR was significantly and inversely associated with ASM, particularly in men. Our finding reaffirms the association between age-related muscle loss and insulin resistance.
Two cross-sectional analyses using the U.S. National Health and Nutrition Examination Survey III data reported that higher muscle mass is associated with lower insulin resistance and lower risk of diabetes, independent of obesity [16, 22] . A previous Korean study with 4,558 males and 5,874 females aged 20 years or older also reported a significant association between insulin resistance and sarcopenia [23] . The study suggested that sarcopenia may be an early predictor for diabetes and metabolic syndrome in the nonobese population, particularly in the elderly. Another Korean study including 493 apparently healthy adults (180 men and 313 women) reported that HOMA-IR levels were negatively associated with relative muscle mass (total skeletal muscle mass divided by body weight) [24] . A recent cohort study of apparently healthy older men reported that insulin resistance was associated with lower relative ASM after 4.6-years of follow-up [25] . Conversely, one study reported that skeletal muscle mass is not related to glucose tolerance or insulin sensitivity in overweight and obese men and women independent of age and total adiposity [26] .
An elderly cohort study in Korea reported that HOMA-IR was positively correlated with ASM/height 2 and negatively correlated with ASM/weight [27] . The study suggested that ASM/weight is a more appropriate index than ASM/height 2 for the measurement of sarcopenic obesity [27] . In another study, the role of muscle tissue as an internal glucose-regulating organ was reflected better by ASM/weight than by ASM, ASM/height 2 , muscle strength, or walking speed [28] . Our findings are consistent with these results in the unadjusted model. Conversely, the Asian Working Group for Sarcopenia recommends using height-adjusted skeletal muscle mass instead of weight-adjusted skeletal muscle mass [21] . Considering previous and current findings together, when evaluating sarcopenia or muscle-related conditions of older adults, their whole body size should be considered. There are several possible explanations for the association between sarcopenia and insulin resistance in the elderly. Sarcopenia is typically characterized by reductions in the size and number of muscle fibers [29] . These reductions are related to a combination of decreased anabolism and increased catabolism [30] . Because skeletal muscle is the tissue predominantly responsible for insulin-mediated glucose disposal, sarcopenia can have a negative impact on insulin sensitivity. A case-control study presented evidence of the dysfunction of skeletal muscle mitochondrial activity along with reduced muscle mass, increased adiposity, oxidative stress, and reduced glu-cose tolerance in elderly adults [31] . Dysfunction of skeletal muscle mitochondrial activity and increased insulin resistance can mutually amplify each other with aging [32] . Increasing evidence supports the pathological association between sarcopenia and metabolic syndrome in a bidirectional association. Sarcopenia, an age-related loss of muscle mass, may contribute to the development of insulin resistance that in turn exacerbates the loss of skeletal muscle. Considering all of these findings, sarcopenia and insulin resistance interact with each other and aging.
This study has a few strengths. First, we recruited participants from a community of a single ethnic background. Therefore, we could minimize the effects of important confounders including ethnicity, residential area, and environmental factors. Second, using multiple statistical models, we controlled and evaluated the effects of other confounders including sex, age, body size, physical health, health behaviors, and mobility function. Third, we used three forms of muscle values, including ASM, ASM/height 2 and ASM/weight, for estimating participants' muscle conditions. Our study also has limitations to be discussed. First, this study is limited by its cross-sectional design. The causal relationship between skeletal muscle mass and insulin resistance was not evaluated in this study. Second, the number of participants was relatively small; thus, we could not conduct further analyses according to age group or obesity status. Third, skeletal muscle mass was measured via a bioelectrical impedance analysis method in this study. Although dual-energy X-ray absorptiometry is widely used to measure skeletal muscle mass, owing to its limited accessibility, bioelectrical impedance analysis method is increasingly used as alternative [33, 34] . Fourth, our findings may not be generalizable to other ethnic or age groups because the study was conducted among older Korean adults recruited from a single rural community. Moreover, the study population was a selected group of people who visited the public health center and completed physical examinations. These factors may limit the generalizability of our study findings. However, in the comparison between people with and without body composition analysis, no significant differences existed in terms of health behaviors, depression, self-rated health, and most common chronic disorders, except for hypertension.
In conclusion, lower skeletal muscle mass was associated with increased insulin resistance in a healthy elderly Korean population, and the association was more prominent in men than in women. Additionally, when evaluating sarcopenia or muscle-related conditions of older adults, their whole body size should be considered.
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